Remarks 



This Preliminary Amendment cancels, without prejudice, claims 1-8 in the 
underlying PCT Application No. PCT/EP2004/050187 and adds new claims 9-16. 
The new claims, inter alia , conform the claims to United States Patent and 
Trademark Office rules and do not add any new matter to the application. 

In accordance with 37 C.F.R. § 1.125(b), the Substitute Specification 
(including Abstract) contains no new matter. The amendments reflected in the 
Substitute Specification (including Abstract) are to conform the Specification and 
Abstract to United States Patent and Trademark Office rules or to correct 
informalities. As required by 37 C.F.R. §§ 1.121(b)(3)(ii) and 1.125(c), a Marked- 
Up Version of the Substitute Specification comparing the Specification of record 
and the Substitute Specification also accompanies this Preliminary Amendment. 
Approval and entry of the Substitute Specification (including Abstract) are 
respectfully requested. 

The underlying PCT Application No. PCT/EP2004/050187 includes an 
International Search Report, dated June 30, 2004, a copy of which is included. The 
Search Report includes a list of documents that were considered by the Examiner 
in the underlying PCT application. 

Applicants assert that the subject matter of the present application is new, 
non-obvious, and useful. Prompt consideration and allowance of the application 
are respectfully requested. 



Respectfully Submitted, 
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METHOD FOR ASCERTAINING THE INDIVIDUAL CONTROL VOLTAGE OF A 

PIEZOELECTRIC ELEMENT 

Background Information 

Tho prosont inv e ntion r e l a t e s to a m e thod for asc e rt ai ning th e i ndiv i dua l contro l 
voltag e of a p ie zoeloctric olomont. 

Piezoelectric elements of th i s kind are used, for example, as piezo injectors in 
5 injection systems for motor vehicles. They are charged to a specific voltage that is 
proportional to a lift of the piezoelectric element. Transmitted with the aid of a 
hydraulic coupler, this lift actuates an injection valve. To ensure the full functionality 
of such a piezo injector, the control voltage for every operating point, for example in 
the case of an injection system for a motor vehicle for every pressure in the 
10 common-rail system, for every temperature and the like, must be selected in such a 
way that the control valve opens and remains in the open position for the duration of 
the injection cycle. 



In the method known from described in German Patent Application No. DE 100 32 
15 022 A1 . 022, for example, the control voltage, which is individual in every 

piezoelectric element (individual control voltage), is ascertained by indirectly 
measuring the pressure in the hydraulic coupler prior to the injection process. From 
the pressure induced by the hydraulic coupler in the piezo actuator, a corresponding 
piezo voltage in the actuator is inferred. 

20 

Furthermore, methods are also known in which the voltage is varied in certain 
regions and at the same time the injection quantity is measured. The operativeness 
of the piezoelectric element is inferred from the measured injection quantity. 

25 A method and a circuit for the time-dependent measurement of the voltage along a 
piezoelectric element emerges for example from European Patent Application No. 
EP 1 138 902 A1 . 902. 



When manufacturing piezo elements that are used in common-rail diesel injection 
30 systems, it is necessary to adhere to very narrow tolerances in the manufacture of 
such piezo common-rail injectors so as to yield the highest possible output in the 
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* series. Very important for this purpose is the interaction between the piezo actuator 
and the hydraulic system, for example, in the form of the hydraulic coupler. Since in 
injectors of this kind no sensors can be used for reasons of costs, only little 
information is available regarding the dynamic behavior of piezo injectors. 

5 

Until now, changes of piezo actuators as a result of aging, for example, an aging of 
the piezo ceramics or the breaking of valve seats, can only be compensated at least 
partially by previously defined characteristics maps, which are stored for example in 
a control unit of an internal combustion engine. 

10 

TheAn objective of the present invention is to ascertain, in a manner that is 
technically as simple as possible and as cost-effective as possible, the individual 
control voltage of piezo elements, particularly piezo injectors used particularly in 
diesel common-rail injection systems. In so doing, the dynamics of an individual 
15 control voltage, which changes over the service life of a piezo injector, is to be taken 
into account as well. 



Summary ef-foeOf The Invention 

This objective is achieved by a method for determining the individual control voltage 
20 of a piezoelectric element having th e f e atures of C l aim 1 . according to the present 
invention. 



TheA basic idea of the present invention is to use the piezo actuator and thus the 
piezo ceramics itself as a sensor, thereby rendering additional sensors superfluous 
25 Rather, the voltage drop at the piezoelectric element following a charge process is 
measured and the individual control voltage of the piezoelectric element is inferred 
from this voltage drop itself. 

In a very advantageous specific embodiment of the present invention, the voltage 
30 applied at the piezoelectric element is measured immediately following a charge 
process and the voltage applied at the piezoelectric element is measured 
immediately before a discharge process following the charge process and are 
subtracted from each other, and the individual control voltage of the piezoelectric 
element is inferred from this difference. As a result, a complex and cost-intensive 



MARKED-UP VERSION OF SUBSTITUTE SPECIFICATION 



• 3 

* ascertainment of the individual control voltage, for example by varying the control 
voltage, may be omitted. 

For this purpose, the individual control voltage is advantageously gathered from a 
5 characteristic representing the relation between the difference and the individual 
control voltage. 

This characteristic is preferably ascertained experimentally on the basis of a large 
number of measurements on different piezoelectric elements and is stored for 
10 example in a control unit of a motor vehicle. 

Another very advantageous refinement of the method provides for the voltage 
applied at the piezoelectric element during the charge process to be increased 
iteratively until the voltage applied at the piezoelectric element immediately following 
15 the charge process does not deviate from the voltage applied at the piezoelectric 
element immediately prior to the subsequent discharge process and for the voltage 
thus ascertained to be rated as the individual voltage requirement. 

Another advantageous refinement of the method provides for the piezoelectric 
20 element to have only one voltage applied to it and for the charge time to be 
iteratively increased until the voltage applied at the piezoelectric element 
immediately following the charge process does not deviate from the voltage applied 
at the piezoelectric element immediately prior to the discharge process and for the 
voltage thus ascertained to be rated as the individual control voltage. Preferably, the 
25 iterative increase of the voltage applied to the piezoelectric element and the 

measurement of the voltage at the piezoelectric element immediately prior to the 
discharge process occur at low pressures of the fluid to be injected. The voltage 
characteristic is preferably measured continuously at the piezoelectric element. 

30 Brief Description of th e Drawing Of The Drawings 

Furth e r advantag e s and f e atur e s of the pr e s e nt inv e ntion ar e th e subj e ct matt e r of 
th e subs e qu e nt sp e cification as w el l as of tho i ll ustrat i ve r e pr e s e ntat i on of e x e mp l ary 
e mbod i m e nts of the pr e s e nt i nv e ntion. 
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Th e figur e s in th e drawing show: 

figr-4 -Fiqure 1 shows t he schematic structure of an injection valve known from the 
related art^ 

5 R€h- ^Figure 2 shows a schematic representation of the voltage plotted against the 
control time when charging and discharging a piezoelectric element according to the 
present invention^ 

F4€h-3- Figure 3 shows t he relation between the voltage change and the individual 
10 control voltage of a piezoelectric element-af^ 

ftq^4- Figure 4 shows a schematic representation of temporal voltage characteristics 
for explaining the measurement of the individual control voltage of a piezoelectric 
element according to a further exemplary embodiment of the present invention. 

15 

Detailed Description of pref e rr e d e x e mp l ary embod i ments 

Figure 1 shows a schematic representation of an injection valve 1 known from the 
related art having a central bore hole. In the upper part, an operating piston 3 having 
a piezoelectric actuator 2 is inserted into the central bore hole, operating piston 3 

20 being rigidly connected to actuator 2. Toward the top, operating piston 3 terminates a 
hydraulic coupler 4, while toward the bottom an opening having a connecting 
channel to a first seat 6 is provided, in which a piston 5 having a valve closing 
element 12 is situated. Valve closing element 12 takes the form of a double-closing 
control valve. It closes first seat 6 if actuator 2 is in the rest phase. When operating 

25 actuator 2, that is, when applying a control voltage Ua to the terminals +, -, actuator 
2 activates operating piston 3 and via hydraulic coupler 4 pushes piston 5 together 
with the closing element 12 in the direction of a second seat 7. Below the second 
seat, a nozzle needle 11 is situated in a corresponding channel, which closes or 
opens the outlet in a high-pressure channel (common-rail pressure) 13 depending on 

30 which control voltage U a is applied. The high pressure is supplied through the 

medium to be injected, for example fuel for an internal combustion engine, via an 
inlet 9, while the inflow quantity of the medium in the direction of nozzle needle 1 1 
and hydraulic coupler 4 is controlled via a inlet throttle 3 and an outlet throttle 10. In 
this context, the task of hydraulic coupler 4 is to reinforce the lift of piston 5 on the 
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' one hand and on the other to decouple the control valve from the static temperature 
expansion of actuator 2. The recharging of coupler 4 is not shown here. 

The mode of operation of this injection valve will be explained in more detail below. 
5 In each triggering of actuator 2, operating piston 3 is moved in the direction of 
hydraulic coupler 4. In the process, piston 5 together with closing element 12 also 
moves in the direction of second seat 7. Via a leakage gap, a portion of the medium 
contained in hydraulic coupler 4, for example fuel, is pressed out in the process. 
Between two injections, therefore, hydraulic coupler 4 must be refilled to maintain its 
10 functional reliability. 

A high pressure prevails via inlet channel 9, which in the common-rail system, for 
example, may amount to between 200 and 2000 bar. This pressure acts against 
nozzle needle 1 1 and keeps it closed such that no fuel is able to emerge. If now as a 

15 consequence of control voltage U a , actuator 2 is operated and closing element 12 is 
thereby moved in the direction of the second seat, then the pressure in the high 
pressure area decreases and nozzle needle 1 1 frees the injection channel. Pi 
indicates the so-called coupler pressure as it is measured in hydraulic coupler 4. 
Without control U a , a stationary pressure P sets in in coupler 4, which, for example, 

20 amounts to 1/10 of the pressure in the high-pressure part. Following the discharge of 
actuator 2, coupler pressure Pi is approximately 0 and is raised again by recharging. 

A change in the length of piezoelectric actuator 2 is achieved by applying a current to 
piezoelectric actuator 2 in a first time interval At|. First time interval Ati is the charge 

25 process of piezoelectric actuator 2. In this interval, piezoelectric actuator 2 is 
charged to a maximum voltage U ma x. The discharge process of the piezoelectric 
actuator occurs in another time interval At 2 (see Figure 2). In a third time interval At3, 
lying between these two intervals, piezoelectric actuator 2 acts like a sensor in which 
any changes in length/force result in changes in voltage. The time characteristic of 

30 the voltage during interval At 3 now depends on what voltage is applied to 

piezoelectric actuator 2 immediately following the charge process, that is, at the end 
of interval At|. In extensive series of measurements it was determined that the 
voltage decreases continuously until it asymptotically approaches a voltage, 
immediately prior to the discharge process, designated in Figure 2 as UR ege i. 
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In an advantageous specific embodiment, the voltage difference AU between the 
maximum voltage U max and the voltage immediately prior to the discharge process 
URegei is now measured. This voltage difference results from the fact that after 
5 switching off the charge current, operating piston 3 still travels a distance since 
piezoelectric actuator 2 expands further. If this voltage difference AU is large, for 
example, then the control valve must still travel a large distance after the charge 
current has been switched off, which causes the voltage in the sensory region of 
piezoelectric actuator 2 to drop more considerably since actuator 2 expands further 
10 than is the case in an injector in which closing element 12 is already very close to 
second seat 7 due to operating piston 3. In this case AU is small. 

Series of measurements have shown that voltage difference AU correlates to the 
individual voltage requirement of the injector. Such piezoelectric actuators 2 

15 therefore require an individual control voltage U a because the seat diameter, the 
actuator lift, the friction etc. are subject to deviations that affect the voltage 
requirement. If the voltage difference AU is large, then the voltage requirement of the 
piezoelectric actuator is greater than in the case of a small voltage difference. Such 
an injection valve behaves accordingly in temperature changes. If the temperature 

20 rises, then the voltage requirement increases and the voltage difference increases 
accordingly. The individual control voltage U a is now ascertained by measuring the 
voltage difference and determining from this, for example on the basis of a 
characteristic curve as shown in Figure 3, the individual control voltage U a . Using a 
single measurement, for example during the flushing process in the mass production 

25 of injection valves 1 , this makes it possible to determine the individual voltage 
requirement of the injector. 

Another exemplary embodiment of the present invention is explained in more detail 
below in connection with Figure 4. 

30 

In the example shown in Figure 2 - as mentioned above - ball valve 12 at the end of 
the charge process has not yet arrived at second seat 7. Rather, ball valve 12 
continues to move, piezoelectric actuator 2 continues to expand at constant load, 
which causes the voltage to drop as shown schematically in Figure 2. 
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Another refinement of the method now provides for voltage U max to continue to 
increase continuously until at the end of the discharge process it does not change 
anymore. For this purpose, the voltage is ideally increased at low pressures in small 
5 increments. The injection quantity is hereby influenced only very little such that the 
operation of injection valve 1 is not disturbed. As soon as voltage U max applied at the 
piezoelectric element has assumed a value corresponding to the individual voltage 
requirement, the voltage no longer changes in interval At3 such that the voltage 
characteristic assumes the trapezoidal shape shown schematically in Figure 4. In 

10 this case, the voltage U ma x applied at piezoelectric actuator 2 following the charge 
process corresponds to the individual voltage requirement which may be stored, for 
example, in a control unit. A further increase of voltage U max applied at piezoelectric 
actuator 2 following the discharge process would now no longer effect any change in 
the voltage characteristic. From the voltage requirement, it is now possible to 

15 ascertain, via a characteristic for example, the individual control voltage, which 
defined for energetic reasons for example is decreased. 

In a further exemplary embodiment, voltage U max applied to the piezoelectric actuator 
is kept constant and the charge time, that is, the magnitude of the interval Ati is 
20 varied, that is, in particular it is increased by increments in order to ascertain the 
characteristic point of the voltage, that is, to ascertain the voltage at which the 
voltage applied at piezoelectric actuator 2 following the charge process practically 
does not change any more in interval Afe. 

25 In all of the refinements of the method according to the present invention described 
above it is advantageous that the individual control voltage U a may be ascertained 
without additional sensors and that moreover it also allows for conclusions regarding 
the dynamic behavior of injection valve 1 during its operation, for if, for example, the 
injection valve is operated at the characteristic point, that is, at the point when the 

30 voltage U max applied at the piezoelectric actuator 2 following the discharge process 
does not change anymore, it is ensured that ball valve 12 has reached second seat 
7. 
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Abstract Of The Disclosure 

A ln a method for ascertaining the control voltage of a piezoelectric element4s 
character i zed by the fact that ,, the voltage drop at the piezoelectric element following 
a charge process is measured and the control voltage of the piezoelectric element is 
5 inferred from this voltage drop. 
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